By using pure titanium powder coated with un-bundled multi-wall carbon nanotubes (MWCNTs) via wet process, powder metallurgy (P/M) titanium matrix composite (TMC) reinforced with the CNTs was prepared by spark plasma sintering (SPS) and subsequently hot extrusion process. The microstructure and mechanical properties of P/M pure titanium and reinforced with CNTs were evaluated. The distribution of CNTs and in-situ formed titanium carbide (TiC) compounds during sintering was investigated by optical and scanning electron microscopy (SEM) equipped with EDS analyzer. The mechanical properties of TMC were significantly improved by the additive of CNTs. For example, when employing the pure titanium composite powder coated with CNTs of 0.35 mass%, the increase of tensile strength and yield stress of the extruded TMC was 157 MPa and 169 MPa, respectively, compared to those of extruded titanium materials with no CNT additive.
Introduction
Carbon nanotubes (CNTs), found in 1970's by S. Iijima [1] , have a potential to be used as attractive reinforcements of the composite materials because have a low density of 1.3 g/cm 3 and 973 GPa Young's modulus [1] [2] [3] . It is also well known that CNT also has excellent electrical and thermal conductivities [4] .
Previous studies indicated characteristics of the metal matrix composites (MMCs) reinforced with CNTs, where industrial metals such as aluminum, magnesium, nickel, copper and their alloys were used [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Titanium (Ti) and titanium alloy are also interested as the matrix material because they are widely used in various industrial applications, for example, automotive, motorcycles, and airplane industries due to their high specific strength and Young's modulus. Their chemical and petrochemical applications are also excellent because of their high corrosion resistance [15] . On the other hand, when adding CNTs into metals as reinforcements, powder metallurgy (P/M) process is more suitable than ingot metallurgy (I/M) because the separation of CNTs from the molten metals easily occurs due to their buoyancy caused by the low density. Furthermore, the agglomeration of the bundled CNTs always exists in P/M composite materials because of their van der Waals force, which is attractive or repulsive between carbon atoms [16, 17] . One of the researchers in the previous study showed an effective preparation of unbundled CNTs by using the zwitterionic surfactant solutions via wet process [18] . In this study, the microstructures and mechanical properties of P/M titanium matrix composite (TMC) reinforced with un-bundled CNTs by using the above wet process. It is strongly expected that the combination of Ti and CNTs will serve superior tensile strength to the conventional TMC. The strengthening mechanism of the composites with CNTs is discussed by their microstructures analysis and identification of the dispersoids.
Experimental
Atomized pure Ti powders, having a mean particle size of 30 μm, was used as starting materials. The impurity contents of raw powder were Fe; 0.03, Si; That is, the oxidation with 100 ppm during the consolidation of the composite Ti powders by the process as mentioned above slightly occurred. Figure 2 shows XRD patterns of P/M extruded titanium with no CNT and reinforced with 0.35 wt% CNTs. The peaks of in-situ synthesized TiCs of the composite material are obviously detected at 2θ = 36.08°, 41.74°and 60.89°when using titanium powder coated with CNTs as shown in Fig.2 (b) . Additionally, there is no difference of 2θ for titanium peaks between extruded Ti and reinforced with CNTs. The formation of spherical TiC particles indicates the incompletely disassembled CNTs, causing the coarse TiC particles, partially exist on the powder surface even after this wet process. The dark areas around any TiC particle are detected, and the magnified observation by FE-SEM is shown in Fig.4 (b) . It is obviously clarified that they correspond to the titanium matrix, and have a good bonding with the TiC particle due to the solid-state reaction in heating at 1273 K. Furthermore, the titanium matrix seems as the porous lamellar structure in perpendicular direction with paper, which is presumed that corroded by hydrous solution during etching. This trend may be due to the effect of TiC particle on the orientation of lamellar structure at interfaces during phase transformation in hot extrusion process.
The tensile test results are shown in Table 1 MPa [20] . This is due to both the large oxygen content and extremely fine grains. In particular, concerning the grain size, the P/M titanium materials are prepared by using rapidly solidified titanium powder by the atomization process, and show a mean grain size of about 6μm as mentioned above. As shown in Table 1 , the mean values of tensile strength, yield stress and microVicker's hardness increase in proportion to the CNT content. The scattering of TS for three tensile specimens is 9~13 MPa, and very small and reliable. As a remarkably suggested point, in spite of the strength increment, the elongation to failure is about 34~38%, and independent of the content. According to the chemical analysis results of the oxygen content of each specimen, there is an increment of 100 ppm oxygen of TMC with 0.35 wt% CNTs compared to the pure titanium with no CNT. 1 wt% addition of the oxygen content of pure titanium causes the increment of 13.2 MPa TS and 13.6 MPa YS [20] . This means that the effect of the oxygen increment on these TMC materials reinforced with nanotubes is very small. Therefore, the increased TS and YS of the composites are mainly due to the dispersion strengthening effect by unbundled CNTs and in-situ synthesized TiC fine particles. Furthermore, when adding CNTs to Ti powder, the micro-Vickers hardness value gradually increases from 261 to 285 with increase in the CNT content. Figure 6 shows the fractured surfaces of tensile specimens of pure titanium (a) and reinforced with 0.35 wt% CNTs (b). P/M extruded pure titanium reveals fine dimple patterns, but no primary particle boundaries. This means that the titanium powder bonding is metallurgically good, and the fracture occurs inside the grains when applying SPS and hot extrusion to consolidate titanium powders.
As shown in g Fig.6 (b 
Conclusions
(1) Wet process using the zwitterionic surfactant solutions was effective to coat un-bundled CNTs on Ti powder surface, and assemble them in P/M extruded titanium composite.
(2) In-situ formed TiC particles were also uniformly distributed in the matrix, and had elongated and spherical shapes. 
